We report on the mechanism of electronic structure and different carrier relaxation processes in InAs/In x Ga 1Àx As dots-in-a-well (DWELL) structure investigated by comprehensive spectroscopic characterization. Selectively excited photoluminescence and photoluminescence excitation analyses reveal that when excited at different photon energies, carriers relax to the ground state of the quantum dots by distinct schemes. Our investigation clearly manifests the roles of longitudinal optical phonons and absorption continuum states played in the carrier relaxation process in DWELL structures. #
S elf-assembled InAs quantum dots (QDs) have been the object of intensive studies due to the potential laser device applications for optical fiber telecommunication. Long wavelength InAs QDs emission have been achieved by atomic layer epitaxy (ALE), covering InAs QDs with InGaAs and/or AlAs cap layer, 1) or by strain compensation with GaNAs capping layers. 2, 3) Of the many techniques proposed and investigated, another approach is growing the dots within an InGaAs quantum well (QW), i.e., to form a so-called quantum dots-in-a-well (DWELL) structure. 4) By embedding the QDs in a InGaAs QW, carrier capture into the QDs is greatly increased. 5) After years of investigation and exploration, photodetectors and laser devices based on InAs/InGaAs DWELL structure have been demonstrated. [6] [7] [8] However, electronic structure and carrier relaxation process in this structure has never been studied. Such investigation is crucial not only for high speed device performance but for understanding the fundamental physics of zero-dimensional system.
Processes of carrier relaxation have been controversially discussed over a decade for the conventional InAs/GaAs QDs. [9] [10] [11] [12] [13] [14] [15] [16] For relatively more complicated DWELL structure, however, there has been no report in this respect. In this letter, we investigate carrier relaxation processes in InAs/ InGaAs DWELL structure by detailed selectively excited photoluminescence (SEPL) and photoluminescence excitation (PLE) measurements. We observed phenomena of carrier relaxation with and without multiple longitudinal (LO) phonon assistance. Different mechanisms of carrier excitation and relaxation in the InAs/InGaAs DWELL structure are analyzed and discussed in detail. Our investigation sheds light on the relevance between the electronic structure and carrier relaxation.
The sample used herein was grown in a VG Semicon V80H molecular beam epitaxy (MBE) system on Si-doped GaAs(100) substrates. QDs were formed by 2.9 monolayers (MLs) InAs grown upon a 2 nm In 0:12 Ga 0:88 As strained buffer layer, and then covered with a 6 nm In 0:12 Ga 0:88 As strainreducing layer. After the DWELL structure growth at 505 C, the nanostructure was capped with 15 nm GaAs follow by a 120 s long growth interruption and further GaAs cap growth at 615 C. Dot density was estimated to be around 3:1 Â 10 10 cm À2 from atomic force microscopy (AFM) measurement. Detailed growth and characterization of this structure can be found in refs. 7, 17, and 18. The optical characterizations were performed at 10 K within a closed cycle helium cryostat. A cw He-Cd laser emitting at 442 nm was used for PL excitation source and the signal was detected by a Peltier cooled InGaAs photodiode using standard lock-in amplifier technique. The SEPL and PLE signal was detected using the same system, but the excitation source was replaced by a 250 W tungsten halogen lamp combined with a 0.27 m grating monochromator and suitable filters. 19, 20) Figure 1 shows the PLE and PL spectra (inset, excitation ¼ 442 nm) of the investigated sample taken at 10 K, where the crosses and arrows in the inset indicate different detection energies for PLE spectra. Excitation power density was controlled as low as 0.07 W cm À2 for PL measurement to avoid excited state emission due to the saturation of the ground state (GS). Upon excitation above the GaAs band gap, the GS transition of the InAs QD leads to PL peaks at 1.06 eV and an asymmetrical PL line shape is observed due to the inhomogeneity of the QDs ensemble. For the PLE spectra, the ''resonant-like'' peaks in the low energy region (1.10 -1.33 eV) are sensitive to the detection energy, which we will show below to result from selective carrier relaxation assisted by multiple LO-phonons. Comparatively, the shape of the PLE spectra in higher energy region is independent of the detection energy. The behavior in this ''non-resonant'' excitation region reflects the optical absorption of the surrounding InGaAs QW and GaAs, and is unrelated to the size of the QD in the sample. Figure 2 depicts the detailed PL spectra of the sample under various excitation energies. The spectra are normalized and shifted vertically for better clarity, with respective excitation energies of SEPL indicated by the arrows. A closer inspection at the spectra reveals three different carrier relaxation schemes. Firstly, for excitation energy lower than 1.153 eV, the spectra consist of a series of sharp features (indicating by dotted lines), the energy of which depend upon excitation energy. However, for slightly higher excitation energy, those sharp features gradually disappear and are replaced by a broad peak, which also shift with the excitation energy. For excitation energy higher than 1.24 eV, the PL spectra maintains the same lineshape with peak energy at 1.06 eV marked by the solid line. By comparison with the inset of Fig. 1 , the emissions located at 1.06 eV are exactly the same and can be attributed to the GS transition from the whole QDs ensemble.
The low energy SEPL (excitation energy lower than 1.153 eV) and PLE spectra are plotted in Fig. 3 as a function of energy difference between the excitation energy and emergent photon energy (E ex À E), and incident photon energy and the detection energy (E À E det ). Clear resonant peaks are observed indicated by vertical dashed lines. It is well established that in zero-dimensional QD system, carrier relaxation can not simply achieved by interaction with acoustic phonons due to larger separation between discrete energy levels. 16) In SEPL spectra, only those dots having a energy level spacing equal to an integer multiple of the LO phonon energy are the only ones that can relax to the GS by LO phonon emission and contribute to the emission. The present resonant phonon peaks are 58 ð2 Â 29Þ, 84 ð3 Â 28Þ, 160 ð5 Â 32Þ, and 227 ð7 Â 32:5Þ meV, respectively. Thus the four phonon resonant peaks can be ascribed to LO phonons in surrounding InGaAs QW or InAs QD, taking into account that the LO phonon energy is related to the strain and confinement. 21) From the calculation, the bulk InAs LO phonon energy is around 29.9 meV and has a reduction due to the strain. A LO phonon energy of 32.1 meV has been estimated from the strain distribution in InAs pyramids with {101} side facets, 21) which is in excellent agreement with the experimental value we obtained. It is also noticed that those obtained values are very close to that in ref. 13 regarding the conventional InAs/GaAs material system.
It is clearly describes in Fig. 3 (a) that with changing excitation energy, first the 2LO and then the 3LO resonant peak becomes dominant, which reflects the density of QD with matching transition energy. It was suggested that the order of LO phonon resonant features in SEPL spectra scales approximately with the degree of inhomogeneity resulting from dot size and shape fluctuations. 12) A larger size fluctuation will lead to a bigger energy region of excited state from a given GS and the SEPL can show higher order LO phonon resonate peaks. The linewidth of the investigated InAs/InGaAs DWELL structure is around 37 meV under nonresonant excitation at 10 K. The SEPL spectra only reveal 2LO and 3LO features which are consistent with previous reports regarding InAs/GaAs QDs. 13, 16) For PLE spectra shown in Fig. 3(b) , not only the well defined 2LO and 3LO phonon resonate peaks but also the higher orders can be clearly resolved. However, corresponding features at similar energies are not found in SEPL spectra under suitable excitation energy. Previous report have noticed similar phenomenon but without explanation. 13) The origin of these features will be discussed later. For the conventional QD system, the crossed transitions between bound state and delocalized state 22) will lead to a quasi-continuous absorption background extending downward from the WL band edge. 23, 24) In the InAs/InGaAs DWELL structure, the WL together with the surrounding InGaAs QW, formed a special bi-QW which also have a quasi-continuous density-of-state (DOS). However it is different from the normal QDs system. Evidence can be extracted from PLE spectra in Fig. 1 where we notice that when the photon energy is higher than 1.24 eV, a strong absorption tail link to the surrounding InGaAs QW emerges. Just as shown in Fig. 2 , when gradually increase the excitation energy, the phonon resonates peaks will be replaced by a broad peak due to the selectively GS transition. That is because when the excitation energy is high enough to reach the tail of the continuous DOS, carrier can relax with the help of the continuum state in addition to the multi-LO phonon scattering. The QDs whose upper states resonate with the excitation energy thus yield this selectively GS transition. 16) This is the reason why higher orders phonon resonate peaks are absent in the SEPL spectra. Because the suitable excitation energy for higher order phonon resonate peaks is large enough to touch the continuum tail and will not satisfy the conditions of multi-phonon resonance.
While further increasing the excitation energy above 1.24 eV, a constant broad peak will dominate the SEPL related to the GS transition from the whole QDs ensemble. For such excitation energy with higher DOS than the discrete states of QDs, carriers can roll down with the interaction between the low frequency acoustic phonons and cascade by multi-LO phonon emissions. Although the excitation energy is lower than the InGaAs QW band edge, no selective excitation will occur because of the high quasicontinuous absorption. In this regime, all different sizes of QDs will be activated and the spectrum is basically the same as the inset of Fig. 1 .
In conclusion, the carrier relaxation and recombination for the InAs/InGaAs DWELL structure is investigated by combining PL, SEPL and PLE spectra. At low excitation energy regime, we observed phonon resonant peaks in both SEPL and PLE spectra which are the strong evidence for phonon assisted carrier relaxation. At high excitation energy regime, the whole QDs ensemble is excited and contributed to emission with the help of quasi-continuous absorption band. While in the medium regime, QDs are selectively activated and the photon is generated from selectively GS transition. The analyses provide detailed carrier relaxation mechanism which is important for better understanding of this material structure. Through the optimal of interaction between quantum well and wetting layer, the internal quantum efficiency of this kind of material structure can be enhanced which is crucial for photonic device application.
